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ABSTRACT 
An overv iew I s  presented of t h e  N a t i o n a l  
Aeronaut ics  and Space A d m l n l s t r a t l o n  (NASA) Lewls 
Research Center f r e e - p l s t o n  S t l r l l n g  engine a c t i v l -  
t i e s  d l r e c t e d  toward space-power a p p l l c a t l o n .  Free- 
p i s t o n  S t l r l i n g  techno logy  i s  a p p l i c a b l e  f o r  both 
s o l a r  and n u c l e a r  powered systems. A s  such, NASA 
newly i n i t i a t e d  NASA SP-100 Advanced Technology 
Program. T h i s  5 -y r  program p r o v l d e s  t h e  technology 
t h r u s t  f o r  p r o v i d l n g  s i g n i f i c a n t  component and sub- 
system o p t i o n s  f o r  Inc reased e f f i c i e n c y ,  r e l l a b l l l t y  
and s u r v l v a b l l i t y .  and power o u t p u t  growth a t  
reduced s p e c i f i c  mass. 
One o f  t h e  major  elements of t h e  program I s  t h e  
development o f  advanced power convers ion  concepts 
o f  which t h e  S t l r l l n g  c y c l e  I s  a v i a b l e  growth can- 
d i d a t e .  Under t h i s  program the  s t a t u s  o f  t he  25 kWe 
opposed-p ls ton  Space Power Demonstrator Engine 
(SPDE) i s  presented.  I n c l u d e d  i n  the  SPOE dlscus- 
s l o n  a r e  comparisons between p r e d i c t e d  and exper i -  
menta l  eng ine  performance, enhanced performance 
r e s u l t l n g  f rom regenera tor  m o d i f i c a t i o n ,  increased 
o p e r a t i n g  s t r o k e  brought  about  by l s o l a t l n g  the gas 
b e a r i n g  f l o w  between t h e  d i s p l a c e r  and power p l s ton ,  
i d e n t l f y l n g  excess lve  energy losses  and recomend lng  
c o r r e c t i v e  a c t i o n ,  and a b e t t e r  unders tand lng  o f  
l i n e a r  a l t e r n a t o r  des lgn  and o p e r a t l o n .  
Technology work I s  a l s o  conducted on heat  
exchanger concepts,  b o t h  des ign  and f a b r i c a t i o n ,  t o  
m i n i m i z e  the  number o f  j o l n t s  as w e l l  as t o  enhance 
per formance.  Deslgn parameters and conceptual  
des lgn  f e a t u r e s  a r e  a l s o  presented f o r  a 25 kWe, 
s l n g l e - c y l i n d e r  f r e e - p i s t o n  S t i r l i n g  space-power 
c o n v e r t e r .  A c u r s o r y  comparison I s  p resented  show- 
i n g  t h e  mass b e n e f i t s  t h a t  a S t i r l i n g  system has 
over a B r a y t o n  system f o r  t he  same peak temperature 
and o u t p u t  power. 
2 
L: Lewis serves as t h e  p r o j e c t  o f f l c e  t o  manage t h e  
INTRODUCTION 
Under a 1965 memorandum o f  agreement between 
t h e  S t r a t e g i c  Defense I n l t l a t l v e  O r g a n l z a t l o n  ( D O D ) .  
t h e  O f f l c e  o f  Aeronaut ics  and Space Technology 
(NASA/OAST), t h e  SP-100 Program has s t a r t e d  Phase 
I1 - a 5 - y r  e f f o r t  t o  design, develop,  and demon- 
s t r a t e  a t  ground t e s t  s i t e s ,  t he  o p e r a t l o n  o f  the 
major  subsystems o f  a 300 kWe nuc lear / thermoe lec t r  
power system. The f o u r  f u n c t i o n a l  elements o f  t he  
SP-100 Phase I 1  Program are :  ( 1 )  SP-100 Ground 
E n g i n e e r i n g  Systems Development, ( 2 )  NASA SP-100 
Advanced Technology, ( 3 )  NASA SP-100 C l v l l  Misslon 
A n a l y s t s  and Requirements D e f i n i t i o n ,  and ( 4 )  SP-1 
H i l l t a r y  H l s s l o n s  A n a l y s l s  and Requlrements 
D e f l n i t i o n .  
NASA/OAST i s  r e s p o n s l b l e  f o r  t h e  SP-100 Advanced 
Technology Program - o f  which the  f r e e - p l s t o n  
S t i r l i n g  advanced techno logy  I s  an I m p o r t a n t  
segment. The NASA SP-100 Advanced Technology 
Program I s  in tended t o  augment the  Ground 
I 
E n g l n e e r i n g  System (GES) e n g l n e e r l n g  development 
and ground t e s t l n g  o f  ma jor  subsystems b e l n g  con- 
duc ted  by t h e  Department o f  Energy (DOE)  and i s  
s t r u c t u r e d  t o  enhance t h e  chances o f  success f o r  
t h e  o v e r a l l  SP-100 n u c l e a r  power system development. 
The Program i s  focused on p r o v l d l n g  s i g n i f i c a n t  
component and subsystem o p t i o n s  f o r  inc reased e f f l -  
c lency ,  s u r v i v a b i l i t y ,  g rowth  a t  reduced we igh ts ,  
and h i g h e r  r e l i a b i l l t i e s .  These goa ls  w l l l  be 
a t t a i n e d  th rough t h e  conduct  o f  t h e  broad based 
research  and techno logy  program which i n c l u d e s  the  
f o l l o w i n g  elements: Space H l s s i o n s  Suppor t ;  Systems 
A n a l y s i s  t o  gu lde  t h e  research  and techno logy  
e f f o r t s  and t o  I d e n t i f y  t h e  p a y - o f f s ;  Advanced Con- 
version Technology Development; Thermal Management; 
Advanced Power C o n d i t i o n i n g  and C o n t r o l ;  Space Power 
H a t e r l a l s  and S t r u c t u r e s ;  and, Spacecra f t  
Env i ronmenta l  E f f e c t s .  
Th is  paper keys on t h e  advanced convers ion  tech-  
no logy  and, more s p e c i f i c a l l y ,  t h e  f r e e - p i s t o n  
S t i r l i n g  advanced techno logy .  The S t i r l i n g  develop-  
ment I s  a l o n g  range b r o a d l y  based program and w i l l  
expand t h e  techno logy  developed d u r l n g  Phase I (as 
shown I n  F i g .  1 )  and w l l l  p roceed w i t h  t h e  develop-  
ment o f  techno logy  l e a d l n g  t o  a s p a c e - q u a l i f i e d ,  
h i g h  temperature.  h i g h  e f f i c i e n c y .  l i g h t w e i g h t  
S t l r l l n g  engine o f  t he  c o n f i g u r a t i o n  necessary t o  
meet SP-100 m i s s i o n  requ l rements .  The major  m l l e -  
stones o f  t h l s  program a r e  l i s t e d  I n  F i g .  2. 
The work descr ibed i n  t h l s  r e p o r t  i s  e i t h e r  
conducted a t  o r  managed by NASA Lewis. The two 
s i g n i f i c a n t  c o n t r a c t o r s  a r e  Hechanlca l  Technology, 
I n c .  o f  Latham, NY and Sunpower I n c .  o f  Athens, 
Oh1 0 .  
~dHFREE-PISTON STIRLING FOR SPACE POWER? 
The S t i r l l n g  f r e e - p l s t o n  system has many a t t r a c -  
t i v e  a t t r i b u t e s .  several o f  whlch a r e  t a b u l a t e d  I n  
F l g .  3 .  S p e c i f i c a l l y ,  t h e  S t i r l i n g  c y c l e  i s  t h e  
most e f f i c i e n t  thermodynamic heat  engine c y c l e  t h a t  
e x i s t s .  O f  t h e  concepts cons ldered f o r  SP-100 
s e l e c t l o n ,  t h e  S t l r l l n g  c y c l e  has t h e  h i g h e s t  e f f l -  
c lency  f o r  t h e  same g i v e n  heat  i n p u t  and heat  r e j e c -  
t i o n  temperatures.  Because t h e  S t i r l i n g  system 
employs t h e  gas b e a r i n g  - e i t h e r  hydrodynamlc o f  
h y d r o s t a t i c  - t h e r e  i s  t h e  p o t e n t l a l  f o r  l o n g  l i f e  
and h l g h  re1  l a b 1  1 l t y .  
a l t e r n a t o r  has o n l y  two moving p a r t s  per  c y l i n d e r  - 
t h a t  i s  t h e  d i s p l a c e r  and the  power p i s t o n /  
a l t e r n a t o r  p l u n g e r .  
s lmp le  c o n f l g u r a t i o n .  
be balanced e l t h e r  a c t i v e l y  o r  p a s s l v e l y  u s l n g  a 
springmass combina t lon .  S t l r l l n g  engine energy 
c o n v e r t e r s  a r e  compat ib le  w i t h  e i t h e r  n u c l e a r  o r  
s o l a r  energy I n p u t .  
rod  sea ls  such as those p r e s e n t  I n  the  k l n e m a t l c  
A system composed o f  a S t i r l i n g  e n g i n e / l i n e a r  
The r e s u l t  I s  a r e l a t i v e l y  
A s i n g l e - c y l i n d e r  engine can 
F r e e - p i s t o n  S t l r l l n g  engines c o n t a i n  no s l i d i n g  
concepts.  
overcome t h e  l o s s e s  i n  t h e  f r i c t i o n a l  r o d  sea ls  i s  
n o t  t o t a l l y  f r e e .  The f r e e - p i s t o n  S t i r l i n g  concept  
u t i l i z e s  gas s p r i n g s  which have h y s t e r e s i s  losses .  
A t  t h e  p r e s e n t  t l m e ,  i t  i s  n o t  known whether t h e  
f r e e - p i s t o n  concept  o r  the k l n e m a t l c  concept  I s  t h e  
most e f f i c i e n t ,  b u t  i t  i s  f e l t  t h a t  t h e r e  shou ld  
n o t  be much d i f f e r e n c e  between t h e  e f f i c l e n c l e s  of 
t h e  two concepts.  The f a c t  t h a t  t h e r e  i s  no o i l  
I n s i d e  t h e  engine makes the f r e e - p i s t o n  a s t r o n g  
cand ida te  f o r  l o n g  l i f e .  There i s  no chance of 
g e t t i n g  o i l  con taminat ion  i n t o  t h e  regenera tor  and 
degrad ing  englne performance. An opposed-p is ton 
f r e e - p i s t o n  S t i r l i n g  engine w l t h  a common expansion 
space, t h e o r e t l c a l l y  has t h e  p o t e n t i a l  f o r  g r a c e f u l  
d e g r a d a t i o n  I n  t h e  event  t h a t  one engine has l a r g e r  
losses  t h a n  t h e  o t h e r .  
equal  power, b u t  a t  a reduced l e v e l .  
The power o u t p u t  o f  the f r e e - p i s t o n  i s  very  
f l e x i b l e  i n  t h a t  n o t  on ly  i s  a l i n e a r  a l t e r n a t o r  
p o s s i b l e ,  b u t  so a r e  other  concepts.  These concepts 
i n c l u d e  t h e  h y d r a u l i c  output  w l t h  a h y d r a u l i c  motor /  
pump and a c o n v e n t i o n a l  r o t a t i n g  a l t e r n a t o r ;  and a 
h y d r a u l i c  d r i v e / g a s  compressor o u t p u t  whlch can 
p r o v l d e  gas t u r b i n e  power t o  a c o n v e n t i o n a l  o r  h i g h  
speed a l t e r n a t o r .  
The energy conserved by n o t  hav ing  t o  
Both p l s t o n s  then produce 
STIRLING/BRAYTON SYSTEM MASS COMPARISONS 
Reference 1 has conducted s t u d i e s  t o  generate 
system mass s e n s l t l v i t i e s .  For  t h e  purpose o f  t h l s  
d i s c u s s i o n ,  comparisons are made between s o l a r  
dynamic Bray ton  and S t i r l l n g  systems a t  t h e  35 kWe 
power l e v e l .  Each system was o p t i m i z e d  f o r  minimum 
system mass a t  t h r e e  d i f f e r e n t  tempera ture  l e v e l s .  
For t h e  S t i r l i n g .  t h e  temperature corresponds t o  
t h e  h e a t e r  head temperature and f o r  t h e  Bray ton  t h e  
t u r b l n e  I n l e t  temperature ( T I T ) .  F i g u r e  4 shows 
t h e  v a r l a t l o n  o f  Bray ton  system mass w i t h  c y c l e  
tempera ture  r a t i o  ( regenera tor  e f f e c t l v e n e s s  of 
0.95). Each p o i n t  on the t h r e e  curves represents  a 
l o c a l  minimum system mass ob ta ined by s y s t e m a t i c a l l y  
converg ing  on a c y c l e  pressure r a t i o  whlch y i e l d e d  
t h e  l o w e s t  system mass for t h e  p a r t i c u l a r  tempera- 
t u r e  r a t i o .  For each curve, as t h e  tempera ture  
r a t i o  I s  i nc reased.  system mass f l r s t  decreases due 
t o  inc reased system e f f i c i e n c y  and a f t e r  pass ing  
th rough a mlnimum, increases due t o  t h e  I n c r e a s i n g  
r a d l a t o r  mass. Note t h a t  w l t h  i n c r e a s i n g  T IT  t h e  
mass versus tempera ture  r a t i o  ( i . e . .  system e f f i -  
c i e n c y )  t r a d e o f f  curves  become f l a t t e r .  T h i s  occurs 
because t h e  minimum mass p o i n t s  a r e  ob ta ined a t  
I n c r e a s i n g l y  h i g h e r  e f f i c i e n c i e s  and a l s o  a t  
i n c r e a s i n g l y  h i g h e r  mean heat  r e j e c t l o n  tempera- 
t u r e s .  Hence. a g i v e n  d e v i a t i o n  f r o m  t h e  minlmum 
mass tempera ture  r a t i o  w i l l  r e s u l t  i n  a s m a l l e r  
mass change a t  t h e  h igher  T IT .  Bray ton  system e f f i -  
c i e n c i e s  represented  I n  t h i s  f i g u r e  v a r i e d  f rom 
23.5 t o  36 p e r c e n t  as the tempera ture  r a t l o  
Increased f r o m  2.8 t o  4.2. System mass models were 
generated f r o m  S t a t e - o f - A r t  (SOA) techno logy  d a t i n g  
back t o  t h e  1960 's ,  except f o r  t h e  assumed concen- 
t r a t o r  s p e c i f i c  mass o f  1.22 kg/m2. 
s p e c l f i c  mass o f  5 k g / d  was assumed as was an 
e m i s s i v i t y  o f  0.88. 
F i g u r e  5 shows o v e r a l l  S t i r l i n g  system mass 
w l t h  tempera ture  r a t i o  for t h r e e  h e a t e r  head temper- 
a t u r e s .  System mass and performance models were 
o b t a i n e d  f r o m  t h e  t a r g e t  va lues o f  t h e  Space Power 
Free P i s t o n  S t i r l l n g  Engine Program. J u s t  .as f o r  
t h e  Bray ton  system, mass f i r s t  decreases due t o  
A r a d i a t o r  
inc reased e f f i c i e n c y  and t h e n  increases  due t.3 t h e  
o v e r r i d i n g  i n f l u e n c e  o f  l n c r e a s l n g  r a d i a t o r  mass. 
T o t a l  system masses a r e  lower  f o r  t h e  S t i r l i n g  t h a n  
f o r  t h e  Bray ton  system. Note t h a t  t h e  mlnimum mass 
tempera ture  r a t l o s  occur  a t  lower  va lues  t h a n  f o r  
t h e  Bray ton  system. Th is  occurs because t h e  
S t i r l i n g  engine r e j e c t s  heat  a t  c o n s t a n t  tempera- 
t u r e  and t h e  mean e f f e c t i v e  r a d l a t o r  tempera ture  i s  
be low t h e  l o w e s t  c y c l e  tempera ture .  The Bray ton  
c y c l e ,  on t h e  o t h e r  hand, r e j e c t s  heat  a t  near  con- 
s t a n t  p r e s s u r e  b u t  a t  temperatures which decrease 
f r o m  r e c u p e r a t o r  e x i t  t o  compressor i n l e t .  Hence, 
t h e  mean e f f e c t i v e  r a d l a t o r  tempera ture  l s  w e l l  
above t h e  l o w e s t  c y c l e  temperature.  
These s t u d i e s  were conducted f o r  s o l a r  dynamic 
systems w l t h  energy s to rage.  Reference 2 compares 
S t i r l i n g  and Bray ton  systems w i t h  b o t h  n u c l e a r  and 
s o l a r  heat  i n p u t .  I n  a l l  cases t h e  S t i r l i n g  system, 
because o f  I t s  h i g h  e f f i c i e n c y .  I s  t h e  l i g h t e r  
s ys tem. 
SPACE POWER DEMONSTRATOR ENGINE (SPDE) 
I n  c o n c e r t  w l t h  t h e  Advanced Technology Program 
a demonstrator  engine was b u i l t  and I s  c u r r e n t l y  
under t e s t .  The engine i s  c a l l e d  t h e  Space Power 
Demonstrator  Engine (SPDE). The SPDE was des igned 
and f a b r i c a t e d  by Mechanica l  Technology, I n c .  (MTI)  
o f  Latham, NY. The engine I s  c u r r e n t l y  under t e s t  
a t  t h l s  f a c l l l t y .  The nominal  des ign  was 25 kWe 
f r o m  t h e  two opposed-p is ton S t i r l i n g  eng lne  - l i n e a r  
a l t e r n a t o r  system. A photograph o f  t h e  eng ine  i s  
shown I n  F i g .  6. The englne i s  about  1-1/4 m I n  
l e n g t h  and about  1 /3  m I n  d iameter .  I t  i s  suspended 
f r o m  t h e  c e i l i n g  by f o u r  v e r t i c a l  s t r a p s .  T h l s  
f l e x i b l e  suspenslon was t h e  t e s t  c o n f i g u r a t i o n  and 
no d i s c e r n i b l e  v i b r a t i o n  was observed d u r i n g  opera- 
t i o n .  Accelerometers mounted on t h e  eng ine  hous ing  
i n d i c a t e d  maximum ampl i tudes  (peak- to-peak)  o f  l e s s  
t h a n  0.01 mm u h l c h  corresponds t o  a " g "  o f  l e s s  
t h a n  0.2. A genera l  d e s c r i p t i o n  o f  t h e  eng ine  i s  
g i v e n  I n  Refs.  3 and 4. F i g u r e  7 i s  a c ross  s e c t l o n  
o f  h a l f  o f  t h e  eng ine  taken th rough a l i n e  o f  sym- 
met ry .  
12.5 kWe - h a l f  t h e  f u l l  engine power. 
The module shown was des igned t o  produce 
Because o f  t h e  t i g h t  schedule t o  des lgn .  f a b r i -  
c a t e ,  and t e s t  t h e  engine,  t h e  maxlmum englne tem- 
p e r a t u r e  f o r  I n l t i a l  t e s t i n g  was l l m l t e d  t o  650 K.  
The c o s t  o f  a l i q u i d  meta l  f a c i l i t y  (necessary  f o r  
h i g h e r  tempera ture  o p e r a t l o n )  was a l s o  a f a c t o r  I n  
s e l e c t i n g  650 K as t h e  h e a t e r  temperature.  The 
c o l d  o r  c o o l e r  tempera ture  was main ta ined a t  325 K 
I n  o r d e r  t o  o p e r a t e  t h e  engine a t  a tempera ture  
r a t i o  o f  2. The tempera ture  r a t i o  o f  2 was chosen 
f o r  a minimum w e i g h t  system ( i n c l u d i n g  r e a c t o r  and 
r a d i a t o r ) .  
The SPDE f l r s t  developed power i n  June 1985 a t  
about  4 kWe. Over t h e  p a s t  16 months s e v e r a l  modi- 
f i c a t i o n s  were made t o  b o t h  t h e  eng ine  and l o a d  i n  
o r d e r  t o  i n c r e a s e  engine power. Some o f  t h e  changes 
I n c l u d e  a s l n t e r e d  r e g e n e r a t o r ,  reduced dead volume, 
separa te  b e a r i n g  f l o w  t o  d i s p l a c e r  and power p l s t o n  
( w h i c h  p e r m i t s  f u l l - s t r o k e  o p e r a t l o n ) .  and removal 
o f  a redundant  c u r r e n t  p r o t e c t i o n  d e v l c e  ( w h i c h  
caused premature shutdown). 
develops about  25 kW o f  PV power and 1 7  kW of e l e c -  
t r i c a l  power. The PV power I s  v e r y  r e s p e c t a b l e  
(28.8 kW was t h e  des ign  g o a l ) .  
a l t e r n a t o r  e f f i c i e n c y  i s  c o n s i d e r a b l y  lower  t h a n  
t h e  d e s l g n  goa l  o f  93 p e r c e n t .  The a l t e r n a t o r  
C u r r e n t l y  t h e  engine 
However. t h e  
2 
e f f l c l e n c y  I s  I n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
a l t e r n a t o r  f requency - r a n g i n g  f rom about  65 t o  70 
p e r c e n t  e f f l c i e n c y  a t  100 Hz  t o  t h e  h i g h  e l g h t l e s  
a t  70 Hz. 
F l g u r e  8 shows t h e  r e l a t i o n s h i p  between englne 
and a l t e r n a t o r  power as a f u n c t l o n  o f  p l s t o n  ampll- 
t u d e  under c o n d l t l o n s  o f  150 bar  p ressure ,  100 Hz 
f requency and a t  a tempera ture  r a t i o  o f  two. 
shown on t h e  graph t h e  d a t a  a r e  very  r e p r o d u c i b l e .  
The engine e f f l c l e n c y  based upon PV power I s  f a i r l y  
c o n s i s t e n t  a t  around 22 percent .  The computer code 
p r e d i c t l o n s  f o r  englne power and e f f l c l e n c y  a r e  
w i t h i n  10  p e r c e n t  o f  t h e  exper imenta l  measurements. 
As  
I n  o r d e r  t o  b e t t e r  understand t h e  a l t e r n a t o r  
low e f f i c i e n c y ,  t e s t s  were conducted by e l e c t r l c a l l y  
e n e r g l z l n g  t h e  s t a t o r  c o i l  and removing l n d l v l d u a l  
and m u l t i p l e  a l t e r n a t o r  and a l t e r n a t o r  s t r u c t u r a l  
components t o  l n d l c a t e  v a r i a t i o n s  i n  magnetlc f l u x  
d l s t r l b u t l o n .  
The c o l l  was energ ized w l t h  ac I n p u t  power a t  
v a r i o u s  v o l t a g e  and f requency l e v e l s .  The compo- 
nents  removed I n  v a r l o u s  comblnat lons i n c l u d e d  
a l t e r n a t o r  s t a t o r s .  a l t e r n a t o r  p lunger ,  p lunger  
c y l i n d e r ,  p r e s s u r e  vesse l ,  and j o i n i n g  r l n g .  These 
components and l o c a t l o n s  can be seen i n  F i g .  7 .  
t i o n  w l l l  be conducted by r e p l a c i n g  t h e  a s - b u i l t  
components w l t h  nonmagnetic and l o w - e l e c t r i c a l  con- 
d u c t l v e  m a t e r i a l .  The i n t e n t  i s  t o  see t o  what 
e x t e n t  t h e  nonmagnettc l o w - e l e c t r t c a l  c o n d u c t i v i t y  
m a t e r i a l  rep lacement  measurements correspond t o  the 
bare  component rep lacement  measurements. The 
r e s u l t s  o f  t h e  i n i t l a l  component rep lacement  t e s t  
a t  100 Hz a r e  shown i n  F l g .  9 where about  35 e f f l -  
c i e n c y  p o i n t s  a r e  l o s t  I n  t h e  components. Englne 
and a l t e r n a t o r  system t e s t s  show t h e  a l t e r n a t o r  
l o s s  t o  be about  30 e f f l c l e n c y  p o i n t s .  The agree- 
ment between t e s t s  was s a t i s f a c t o r y .  S l m i l a r  t e s t s  
w i l l  be repeated  a t  70 Hz  b e f o r e  t h e  replacement 
t e s t s  a r e  conducted.  
Components a r e  b e l n g  assembled t o  p r o v i d e  t w o  
F u t u r e  s t a t i c  bench t e s t s  w l t h  ac c o l l  e x c l t a -  
SPDE t y p e  t e s t  bed engines f o r  conduct lng  advanced 
component e v a l u a t l o n .  The SPOE t e s t l n g  I s  complete 
and t h l s  eng ine  w l l l  be r e c o n f i g u r e d  t o  p r o v i d e  two 
s l n g l e - c y l i n d e r  englnes.  These engines w l l l  be 
r e f e r r e d  t o  as Space Power Research Engines j S P R i j  
I and 11. 
s i n c e  t h e y  a r e  no l o n g e r  i n h e r e n t l y - b a l a n c e d  
opposed-p is ton engines.  T e s t i n g  on SPRE I w i l l  be 
conducted a t  MTI and on SPRE I 1  a t  NASA Lewis.  I n  
no way w l l l  t h e  t e s t i n g  be a d u p l i c a t i o n .  b u t  the 
goa l  i s  t o  a t t e m p t  t o  l e a r n  more f r o m  two t e s t  beds. 
Component t e s t l n g  w i l l  I n c l u d e  hydrodynamlc gas 
bear lngs  a c t u a t e d  e l t h e r  by r o t a t l n g  a r e c l p r o c a t l n g  
p l s t o n  w l t h  an e l e c t r i c  motor  o r  w i t h  t u r b i n e  blades 
energ ized by s w i r l i n g  compression space gas. 
p l p e  h e a t e r  heads w i l l  r e p l a c e  t h e  mol ten  s a l t  
s h e l l - a n d - t u b e  heat  exchangers. 
exchangers i n c l u d i n g  h e a t e r ,  regenera tor  and cooler  
w i l l  a l s o  be eva lua ted .  A l t e r n a t o r  e f f l c l e n c y  
Improvement t e s t s  w l l l  a l s o  be conducted on SPRES 
and on bench t e s t s .  
These engines w l l l  have dynamic absorbers 
Heat- 
Modular t y p e  heat 
F i g u r e  10  l l s t s  some o f  t h e  s i g n l f i c a n t  accom- 
p l l s h m e n t s  and f l n d l n g s  f r o m  t h e  SPDE t e s t l n g .  
Keep I n  mlnd t h a t  t h l s  englne was n o t  des lgned f o r  
space a p p l i c a t i o n s ,  b u t  was des lgned t o  demonstrate 
c e r t a l n  p e r c e i v e d  f r e e - p i s t o n  S t l r l i n g  englne 
p o t e n t i a l  a t t r i b u t e s .  Time and budget were 
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c r i t i c a l .  L i s t e d  I n  F i g .  11 a r e  some o f  t h e  
f r e e - p l s t o n  S t l r l l n g  s t a t e - o f - t h e - a r t  tech-  
no logy  ex tens ions  t h a t  occur red  as a r e s u l t  o f  t h e  
SPDE demonst ra t ion .  E x c e l l e n t  opposed-p is ton  
dynamlc b a l a n c i n g  was one achleved o b j e c t i v e ;  and 
eng ine  per formance a t  a tempera ture  r a t i o  o f  two 
was s l g n l f i c a n t .  Under these c o n d l t l o n s  (TR = 2) 
n o t  o n l y  I s  t h e  Carnot  c y c l e  e f f l c l e n c y  l o w  - 50 
percent ,  b u t  t h e  p e r c e n t  o f  Carnot  t h a t  I s  ach iev-  
a b l e  decreases as t h e  Carnot  e f f i c i e n c y  I s  reduced. 
A l though e x t e r n a l l y  pumped gas b e a r i n g s  were 
employed, t h e r e  I s  no doubt  t h a t  I n t e r n a l l y  a c t u a t e d  
gas bear lngs  can and w l l l  be s u c c e s s f u l .  
25 kWe STIRLING SPACE ENGINE (SSE) 
Under NASA SP-100 Advanced S t i r l i n g  Technology 
fund ing .  Sunpower. Inc . .  w l t h  c o n s u l t a t i o n  p r o v l d e d  
by  MTI, completed a conceptual  d e s l g n  o f  a s l n g l e -  
c y l i n d e r ,  25 kWe f r e e - p i s t o n  S t i r l i n g  engine l i n e a r  
a l t e r n a t o r  (FPSE/LA) system. The d e t a i l  des lgn,  
f a b r l c a t l o n ,  and check-out  t e s t l n g  w i l l  be conducted 
under a separa te  c o m p e t l t l v e  procurement .  Some o f  
t h e  b e n e f i t s  t h a t  should r e s u l t  f r o m  t h l s  1050 K 
eng ine  a r e  l i s t e d  I n  F ig .  12. The conceptua l  d e s i g n  
was t h e  f l r s t  f r e e - p i s t o n  I n  t h e  25 kWe c l a s s  
des lgned s p e c l f l c a l l y  f o r  a space power S t i r l i n g  
eng ine  l i n e a r  a l t e r n a t o r  system. A requ l rement  i n  
t h e  d e s i g n  was n o t  t o  use r e f r a c t o r y  a l l o y s  b u t  
l i m i t  t h e  d e s i g n  t o  s u p e r a l l o y  m a t e r i a l s .  A s  a 
r e s u l t ,  f o r  t h e  7 - y r  l i f e  des ign  requ l rement ,  t h e  
tempera ture  o f  t h e  h e a t e r  was l l m i t e d  t o  1050 K a t  
a tempera ture  r a t i o  o f  two. Heat p i p e s  were chosen 
f o r  t h e  h o t  end h e a t  t r a n s p o r t  system and a pumped 
l o o p  was s e l e c t e d  f o r  t h e  heat  r e j e c t i o n  system. A 
r e f e r e n c e  d e s i g n  and an exper imenta l  research  d e s l g n  
were b o t h  c o n c e p t u a l l y  c a r r l e d  a long.  The r e f e r e n c e  
d e s i g n  w l l l  I n c o r p o r a t e  improvements as t h e y  e v o l v e  
f r o m  t h e  s u p p o r t i n g  research  techno logy  b e i n g  
c a r r l e d  o u t .  The exper imenta l  d e s l g n  w i l l  i n c l u d e  
research  i n s t r u m e n t a t l o n  and b o l t e d  f l a n g e s  so t h a t  
t h e  eng lne  can be r e a d i l y  d lsassembled f o r  m o d i f i c a -  
t l o n s  and l n s p e c t l o n s  and measurements. F l g u r e  13  
i s  a schematic c ross  s e c t i o n  o f  t h e  I n l t l a l  concep- 
t u a l  des ign .  The t a r g e t e d  s p e c i f i c  mass I s  l e s s  
t h a n  6 kg/kW w i t h  g r e a t e r  than 25 p e r c e n t  system 
e f f l c l e n c y  when g e n e r a t l n g  25 kW o f  e l e c t r i c a l  power 
(see f l r s t  m l l e s t o n e  on F i g .  2 ) .  
One I m p o r t a n t  f e a t u r e  o t  t h t s  eng lne  I s  t h e  
s l m p l l f i e d  modular heat -p ipe  h e a t e r - r e g e n e r a t o r -  
c o o l e r  assembly. The SPOE des ign  used about  3200 
h e a t e r  tubes and 3800 c o o l e r  tubes t h a t  now a r e  
r e p l a c e d  by about  40 modular assembl ies.  One module 
I s  shown i n  F i g .  14.  R e f e r r i n g  t o  t h e  lower  assem- 
b l y  and g o i n g  f r o m  r i g h t  t o  l e f t ,  t h e r e  i s  t h e  heat -  
p l p e  h e a t e r  showing t h e  gas s i d e  f i n s  f o r  enhanced 
h e a t  t r a n s f e r ,  t h e  regenera tor ,  and f i n a l l y ,  t h e  
c o o l e r  w l t h ,  again.  gas-s lde f l n - s u r f a c e  augmenta- 
t l o n .  The upper assembly I s  t h e  conta inment  tube 
t o  house t h e  heat  exchangers. 
o f  t h e  h e a t e r  does n o t  f i t  I n t o  t h e  conta inment  
tube.  The r a l s e d  c y l l n d r i c a l  s u r f a c e  between t h e  
h e a t - p l p e  and t h e  h e a t e r  f i n s  i s  where t h e  module 
I s  j o i n e d  t o  t h e  englne pressure  vesse l .  
The f requency o f  t h e  engine w i l l  p r o b a b l y  be 
s l l g h t l y  l e s s  than 100 Hz and t h e  mean pressure  
l e v e l  about  180 b a r .  T h l s  engine w l l l  use l l q u l d  
meta l  i n  t h e  heat -p ipe  - c u r r e n t l y  p lanned t o  be 
sodlum. There w i l l  be an a c t i v e  dynamic balance 
system. F i g u r e  13  c o n c e p t u a l l y  shows t h e  c u r r e n t  
t h i n k i n g  o f  s i z e  and l a c a t l o n  o f  t h e  balance u n i t .  
The h e a t - p l p e  p o r t i o n  
Hydrodynamlc b e a r i n g s  w l l l  be used f o r  b o t h  t h e  
power p l s t o n / a l t e r n a t o r  p lunger  and d l s p l a c e r .  
However. t h e  method o f  develop lng t h e  hydrodynamic 
f l l m  need n o t  be t h e  same f o r  each component. The 
tempera ture  l e v e l  o f  t h e  heater  (1050 K )  I s  about  
400 K above t h e  h l g h e s t  temperature used on t h e  
SPDE o r l g l n a l  d e s l g n  and b u l l d .  
SUMMARY 
The space power demonstrator englne (SPDE) 
served a v e r y  u s e f u l  and i m p o r t a n t  p a r t  I n  f r e e -  
p l s t o n  S t l r l l n g  technology development f o r  space 
power a p p l l c a t l o n .  The englne developed 25 kW o f  
PV power, has opera ted  s u c c e s s f u l l y  f o r  over  300 hr 
a t  tempera ture  r a t l o l s  as l o w  as two and demon- 
s t r a t e d  PV eng lne  e f f l c l e n c y  o f  around 22 percent .  
A l though t h e  a l t e r n a t o r  e f f l c l e n c y  dropped o f f  
r a p l d l y  w l t h  l n c r e a s l n g  frequency, measurements 
I n d i c a t e  where most o f  the losses  occur ;  and I t  I s  
f e l t  t h a t  Improv ing  t h e  a l t e r n a t o r  e f f l c l e n c y  I s  an 
e n g l n e e r l n g  prob lem w l t h  an e a r l y  s o l u t l o n .  A tech-  
n o l o g l c a l  b reak through I s  n o t  needed. Never the less ,  
even w l t h  t h e  l n e f f i c l e n t  a l t e r n a t o r .  17 kW o f  e l e c -  
t r i c a l  power was d e l l v e r e d  t o  t h e  system load.  
p u t e r  code p r e d l c t l o n s  for englne power and e f f l -  
c l e n c y  a r e  w l t h l n  10  percent  o f  t h e  exper lmenta l  
measurements. By c o n v e r t l n g  t h e  SPDE I n t o  two 
12.5 kW t e s t  beds prov ldes  a n  e f f l c l e n t  u t l l l z a t l o n  
Even more encouraglng I s  t h e  f a c t  t h a t  t h e  com- 
o f  manpower and d o l l a r s .  f i g u r e  1 5  summarl 
o f  t h e  s l g n l f l c a n t  accompllshments over  t h e  
year .  
A 25 kWe s i n g l e - c y l l n d e r  S t l r l l n g  space 
conceptua l  d e s l g n  I s  complete. The des lgn  
a t e s  many advanced des lgn f e a t u r e s  r e q u l r e d  
es some 
l a s t  
eng l  ne 
ncorpor -  
f o r  a 
PrOtOtYPlC f l l g h t  englne.  T h i s  englne uses 
super a l l o y  m a t e r i a l s  and, wherever p o s s l b l e .  uses 
concepts and components a l s o  a p p l l c a b l e  f o r  r e f r a c -  
t o r y  m e t a l  (1350 K )  a p p l l c a t l o n .  Th is  des lgn  fea-  
t u r e s  modular heat  exchangers w l t h  sodlum heat  
p lpes .  thereby ,  d r a m a t l c a l l y  r e d u c l n g  t h e  number of 
j o l n t s  and enhancing t h e  heat  t r a n s f e r  c a p a b i l i t y .  
I n  conc lus lon ,  we f e e l  t h a t  t h e  f r e e - p l s t o n  
S t l r l l n g  englnes a r e  j u s t  s t a r t i n g  t o  ach leve  t h e  
a t t e n t l o n  and c r e d l t a b l l l t y  t h a t  t h e y  deserve f o r  
space-power a p p l l c a t l o n .  f r e e - p i s t o n  S t l r l l n g  
systems can e a s i l y  be used w l t h  b o t h  s o l a r  and 
n u c l e a r  powered systems and o f f e r  t h e  p o t e n t l a l  f o r  
h l g h  e f f l c l e n c y .  l o n g  l l f e  and h l g h  r e l l a b l l l t y .  
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I S  A LONG RANGE BROADLY BASED PROGRAM 
SUPPORTS KEY TECHNOLOGY AREAS NEEMD FOR: 
0 GAS BEARINGS 
0 L I NEAR ALTERNATORS 
0 HEAT EXCHANGERS 
0 MATERIALS 
POWER CONDITION I NG INTERFACE 
OSCILLATING FLOW 
0 PERFORMANCE PREDICTIONS 
FIGURE 1. - NASA SP-100 ADVANCED STIRLING 
TECHNOLOGY PROGRAM. 
DEMONSTRATE PERFORMANCE BY END OF FY 91 OF 1050 OK SINGLE 
CYLINDER BALANCED ENGINE WHICH INCLUDES: 
25  KWE 
> 25 PERCENT EFFICIENCY 
< 6 KG/KWE 
DEMONSTRATE ONE YEAR OF SUCCESSFUL SIMULATED SPACE 
CONFIGURATION (1050 OK) OPERATION BY END OF FY 92 
ESTABLISH TECHNOLOGY FEASIBILITY OF 1350 OK ENGINE COMPONENTS 
INCLUDING HEAT-PIPE HEATER HEAD, HYDRODYNAMIC BEARINGS, MATERIALS 
JOINING AND ALTERNATORS BY END OF FY 92 
COMPLETE DETAIL DESIGN OF 1350 OK ENGINE AT TR > 2  BY END OF FY 92 
FIGURE 2. - STIRLING ADVANCED TECHNOLOGY PROGRAM MAJOR MILESTONES. 
0 HIGH EFFICIENCY (RELATIVE TO OTHER SYSTEMS) 
0 POTENTIAL FOR LONG L I F E  AND HIGH RELIABIL ITY 
0 NONCONTACTI NG GAS BEAR I NGS 
0 FEW MOVING PARTS 
0 COMPATIBLE WITH SOLAR OR NUCLEAR MISSIONS 
0 DYNAMICALLY BALANCED 
0 NO ROD SEALS 
0 NO O I L  INSIDE ENGINE 
0 POTENT I AL FOR GRACEFUL DEGRADATION 
POWER OUTPUT FLEXIBILITY 
FIGURE 3. - WHY FREE-PISTON STIRLING FOR SPACE POWER? 
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FIGURE 4. - SOLAR BRAYTON SYSTEM MASS SENSITIVITY TO 
TEMPERATURE RATIO, 35 KWE.  
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FIGURE 5 .  - SOLAR STIRLING SYSTEM MASS SENSITIVTY TO 
TEMPERATURE RATIO, 35 KWE.  
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OF POOR GYAL!TY 
FIGURE 6. - 25 KWE SPACE POWER DEMONSTRATOR ENGINE (SPM)  AT 
MECHANICAL TECHNOLOGY INC. 
POWER ' ' ' 
P , s r o h l ~  '-PISTMU GAS SPKl 
FIGURE 7. - HALF OF 25 KWE SPDE. 
PRESSURE - 150 BAR 
FREQUENCY - 100 HZ 
TEMPERATURE RATIO = 2.0 
20 c 
> 
0- IL 4 6 8 10 
PISTON AMPLITUDE. MM 
FIGURE 8. - SPDE ENGINE TESTS - OCTOBER 24, 1986. 
0 ALTERNATOR EFFICIENCY IS SIGNIFICANTLY BELOW DESIGN 
(70 PERCENT VERSUS 93 PERCENT) 
0 FLUX LEAKAGE TO SURROUNDING STRUCTURE AT 
HIGH FREQUENCY IS INDICATED 
0 MEASUREMENTS AT 100 HERTZ IDENTIFY LOSSES IN:  
0 CYLINDER 9.5 EFFICIENCY POINTS 
0 JOINING RING 9.3 
STATORS 6.3 
0 PRESSURE VESSEL 5.5 
0 PLUNGER 4 . 2  
TUNING CAPACITORS 0.2 
0 TOTAL MEASURED EFFICIENCY: 
POINT LOSSES 35 
0 ENGINE/ALTERNATOR TEST EFFICIENCY: 
POINT LOSSES 30 
FIGURE 9. - SPACE POWER DEMONSTRATOR ENGINE PROBLEM AREA. 
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0 CODES PREDICT ENGINE POWER AND EFFICIENCY: WITHIN k10 PERCENT 
0 LINEAR ALTERNATOR - SUPPORT STRUCTURAL LOSSES VERY SENSITIVE 
TO FREQUENCY 
0 IMPORTANCE O f  HEAT EXCHANGERS AND REGENERATORS 
0 TEMPERATURE RATIO BELOW 2.0 UNDESIRABLE 
0 GAS BEARING OPERATION ATTRACTIVE 
0 EXCELLENT DYNAMIC BALANCE 
0 DIMENSIONAL STABILITY OF BERYLLIUM COMPONENTS 
FIGURE 10. - WHAT HAVE WE LEARNED FROM SPDE? 
0 PRESSURE - 60 BAR TO 150 BAR 
0 FREQUENCY - 60 HZ TO 100 HZ 
0 PISTON DIAMETER - 4 IN. TO 5 IN. 
0 TEMPERATURE RATIO - 3.0 TO 2.0 
0 GAS BEARINGS 
0 DYNAMICALLY BALANCED 
0 PISTON POWER SCALE UP - 3 KWE TO 12.5 KW 
0 ENGINE SCALE UP - 3 KW TO 25 KW 
0 HOME GROWN TECHNOLOGY 
0 CODE DEVELOPEMENT AND VALIDATION 
FIGURE 1 1 , - FREE-P I STON STATE-OF-THE-ART SPDE 
TECHNOLOGY EXTENSION. 
0 FIRST STIRLING DESIGNED FOR SPACE 
0 SIMPLIFIED DESIGN - LESS JOINTS 
0 POTENTIAL HIGH SPECIFIC POWER SYSTEM 
0 DESIGN BASIS FOR 1300 K REFACTORY ENGINE 
0 TECHNOLOGY ENABLES SIGNIFICANT GROWTH FOR SOLAR 
DYNAMIC POWER APPLICATION 
0 ADVANCES I N  TECHNOLOGY TO IMPROVE PERFORMANCE 
AND RELIABIL ITY 
FIGURE 12. - WHAT DOES 1050 K STIRLING ENGINE GIVE? 
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NAK 
rDISPLACER 
I 
POWER P I STON 7 COOLANT 
\ 1 
BALANCE UNIT 7 
\ 
i' .'ALTERNATOR ', LRARE-EARTH k N A  HEAT PIPE - 
MAGNETS HEAT EXCHANGER NODULE 
f STATOR 
LAN I NATIONS -/ w I NDI NGS \ 
CD-87-24613 
\ 
\ 
ALTERNATOR \ 
SUPPORT STRUCTURE-\ 
( -40 TOTAL) (HEATER- 
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FIGURE 13. - SUPERALLOY STIRLING SPACE ENGINE (SSE) REFERENCE SPACE DESIGN. 
ORIGINAL PAGE IS 
OF POOR QUALITY 
FIGURE 14. - STIRLING NODULAR HEAT EXCHANGER ASSEMBLY. 
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0 SPDE PERFORMED WELL - TESTING COMPLETE 
0 STIRLING PV POWER - 25 KW 
ALTERNATOR ELECTRICAL - 17 KW 
0 1050 K STIRLING SPACE ENGINE PRELIMINARY DESIGN 
NEAR1 NG COMPLETION 
0 ADVANCED RESEARCH PROGRAMS WELL UNDERWAY 
0 CODE VALIDATION - HARMONIC CODE LOOKS EXTREMELY 
PROHI SING 
FIGURE 15. - SUMMARY. 
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